In a previous study we have shown that llama VHH antibody fragments are able to bind their antigen after a heat shock of 90°C, in contrast to the murine monoclonal antibodies. However, the molecular mechanism by which antibody:antigen interaction occurs under these extreme conditions remains unclear. To examine in more detail the structural and thermodynamic aspects of the binding mechanism, an extensive CD, ITC, and NMR study was initiated. In this study the interaction between the llama VHH -R2 fragment and its antigen, the dye Reactive Red-6 (RR6) has been explored. The data show clearly that most of the VHH-R2 population at 80°C is in an unfolded conformation. In contrast, CD spectra representing the complex between VHH-R2 and the dye remained the same up to 80°C. Interestingly, addition of the dye to the denatured VHH-R2 at 80°C yielded the spectrum of the native complex. These results suggest an induced refolding of denatured VHH-R2 by its antigen under these extreme conditions. This induced refolding showed some similarities with the well established "induced fit" mechanism of antibodyantigen interactions at ambient temperature. However, the main difference with the "induced fit" mechanism is that at the start of the addition of the antigen most of the VHH molecules are in an unfolded conformation. The refolding capability under these extreme conditions and the stable complex formation make VHHs useful in a wide variety of applications. Proteins 2005;59:555-564.
INTRODUCTION
Antibody-antigen interaction has been well described in recent years. On complex formation, conformational changes of antibody and/or antigen can occur. Koshland 1 first described conformational changes that induced an active state in an enzyme, subtilisin, by a substrate molecule; this mechanism was called "induced fit." This mechanism can be described as fast bimolecular association followed by a unimolecular isomerization. Meanwhile, examples of this "induced fit" mechanism have been described for both antibody-antigen interaction as well as other protein-protein interactions and protein-DNA interactions. [2] [3] [4] The equilibrium between the complex and the uncomplexed antigen and antibody fragment is described by a simple model, the law of mass action. The equilibrium will set when the rate at which new antibody-antigen complexes are formed equals the rate at which the antibodyantigen complexes dissociate. However, whether the equilibrium is directed towards the complex or the dissociated antibody and antigen depends on many factors, like the temperature. Extreme conditions necessary for a lot of applications in research or the industry can shift this equilibrium in such a way that the antibodies are not useful any more.
A novel class of IgG antibodies was discovered in camelids by Hamers-Casterman and coworkers. 5 These antibodies are devoid of light chains and are referred to as heavy-chain antibodies. The binding part of the heavy-chain antibodies comprises only a single domain, called VHH. Camelid VHHs display similar functional characteristics with respect to specificity and affinity compared to classical antibodies. 6, 7 We have shown that the llama VHH antibody fragments can be produced at high levels in Saccharomyces cerevisiae, up to 2.5 mg L Ϫ1 OD 660 Ϫ1 in shake flask or 10-fold higher with fed-batch fermentation at 10 L scale. 8 -10 A remarkable difference between the llama antibody fragments and the convential antibody fragments is the apparently higher heat stability of the llama VHHs. 6 Van der Linden showed that some of the VHH fragments were able to bind their antigen even at a temperature as high as 90°C. Other fragments were found not able to bind their antigens at this temperature, but could bind their antigen upon cooling down. We have shown that one of these llama VHH antibody fragments against the human pregnancy hormone hCG is indeed able to refold into its native conformation after exposure to high temperatures. 11 The question arose as to whether the VHH antibody fragments that can bind their antigen at high temperatures still have their native structure or whether refolding of the antibody takes place induced by addition of the antigen.
To obtain more insight into the mechanism of binding at these extreme temperatures, we have used the VHH fragment R2, which binds specifically to the copper containing azo-dye RR6. 12 This chemical antigen, the azo-dye RR6, has the advantage that it is not altered by the extreme conditions used in these experiments. CD spectroscopy was used to determine if the VHH-R2 fragment was completely unfolded at high temperatures and whether addition of the antigen at high temperatures could induce complex formation of the VHH-R2 fragment and its antigen. Other antibody fragments and different antigens were used to determine if this mechanism was generic or specific for VHH-R2. NMR spectroscopy was used to obtain more detailed information on the structure of VHH-R2 during unfolding, binding, and refolding. Isothermal titration calorimetry was used to investigate the thermodynamic aspects of the interaction between VHH-R2 and the dye.
We have found that the majority of the population of VHH-R2 molecules is unfolded at 80°C. However, the preformed complex of VHH-R2 and the dye is not affected by the increase in temperature. Surprisingly, addition of the antigen at 80°C was able to refold VHH-R2 to its native conformation.
The remarkable refolding properties of VHH domains and the stability of the complex make them very suitable for various applications. For instance, we have shown that they can be used over 2000 times in affinity purification without any measurable loss of binding capability. 13 But also for applications in protein arrays they proved to be very suitable.
14 On one hand, they can make very stable complexes with their antigen with binding properties exceeding traditional antibodies; on the other hand, the chemically modification necessary to link them on a support does not alter their binding properties.
MATERIAL AND METHODS

Fragments Used in This Study
The fragments used in this study are the binding domains of Llama heavy-chain antibodies (VHH). VHH-R2 against the azo-dye RR6, VHH-A52 against the azo-dye RR1, and VHH-H14 against the human pregnancy hormone hCG were used in this study. The isolation of VHHs against the azo-dye RR6, the azo-dye RR120 (dimer of RR1) and the human pregnancy hormone (hCG) has been described elsewhere. 9, 15 The VHHs were produced in Saccharomyces cerevisiae via batch fermentation. 12 VHHs were purified using a 5-mL ProteinA column (Hi-Trap, Pharmacia 
Circular Dichroism
CD spectra were collected using a thermostated (20 -80°C) Jobin-Yvon CD6 Dichrograph Circular Dichroïsm spectrophotometer. The data were processed with the Dichrograph software version 1.3. Experiments in the near-ultraviolet (UV) region (250 -350 nm) were performed with 37 M antibody fragment in PBS pH 7.4 in 10 mm cylindrical quartz cuvettes (Helma). The reactive chloride groups of the azo-dye RR6 were blocked in 1 M NH 4 Cl. After blocking, the RR6 was transferred to PBS buffer pH 7.4. The spectral bandwidth was automatically kept at 2 nm. The wavelength increment was 0.2 nm/step and the accumulation time was 1 s/step. Each spectrum resulted from averaging five successive scans. The spectra of the solvent alone and solvent with RR6 or RR1 were recorded under identical conditions and were subtracted from the protein spectra.
Experiments in the far-UV region (190 -250 nm) were performed with 90 M peptide in ddH 2 O in 2 mm quartz cuvettes (Helma). The reactive chloride groups of the azo-dye RR6 were blocked in 1 M NH 4 Cl. After blocking, the RR6 was transferred to PBS buffer pH 7.4. Each spectrum resulted from averaging five successive scans. The spectra of the solvent alone and solvent with RR6 were recorded under identical conditions and were subtracted from the peptide spectra.
NMR
For the NMR measurements, uniformly 15 N-labeled VHH-R2 samples were prepared in a buffer containing 10 mM deuterated sodium acetate (99.5% D) pH 4.6, and 100 mM NaCl. 16 The spectral width and number of complex points in the 15 N dimension was 1672 Hz (folding-in some backbone resonances) and 128, respectively, and 9259 Hz and 2048 in the 1 H dimension. Quadrature detection in the indirectly detected dimensions was accomplished using the States-TPPI acquisition method. 17 NMR data were processed using XWINNMR software from Bruker. All dimensions were apodised using shifted sine-bell windows and zero-filled to the next power of two to improve the digital resolution.
Isothermal Titration Calorimetry
ITC was performed using a Microcal Omega titration microcalorimeter (Microcal, Inc.) connected to an external waterbath. All measurements were performed using samples which were degassed just before use. To investigate the binding of RR6 to VHH-R2 experiments were performed with 33 M antibody fragment in PBS pH 7.4 in the cell and 0.875 mM blocked RR6 in PBS buffer pH 7.4 in the syringe. Cell volume was 1345 mL of VHH-R2. Fifty injections of 6 L of RR6 were performed. The solution was stirred at 700 rpm. In all cases, injections were carried out over a 15-s period with a 4-min equilibration period between each injection, which was sufficient for the baseline to be reestablished. Data analysis was performed using the ITC data analysis software Microcal origin (Microcal, Inc.).
ELISA Affinity Measurements
Polysorp plates were coated with 0.5 mM blocked RR1 or RR6 in 100 L/well at 50°C for 2 h. Plates were blocked with 200 L 4% Marvel in PBS. A dilution range of purified VHH was incubated for 1 h at room temperature in 2% Marvel, 0.05% Tween-20 in PBS (100 L/well). After washing with PBS/Tween (0.05%), the plates were incubated with polyclonal rabbit-antillama IgG and goatantirabbit immunoglobulins conjugated to horseradish peroxidase (Jackson Immunoresearch Lab Inc.) in 0.05% Tween-20/PBS, 100 L/well. Finally, the peroxidase enzyme-activity was determined with o-phenylenediamine (OPD) as a substrate. The optical density was measured at 490 nm after termination of the reaction by addition of 50
RESULTS AND DISCUSSION CD Spectroscopy
To collect information on folding of VHH at high temperatures, CD spectroscopy was used. Protein aggregation due to the high concentration of VHH at 80°C did not allow us to asses folding with experiments in the far-UV area (190 -250 nm) (see supplementary data). To investigate the tertiary structure of the VHH antibody fragments, CD spectra were taken in the near-UV area (250-350 nm) at different temperatures. Figure 1 (A) shows the CD spectrum of VHH-R2 at 20°C, which is considered to be the native state. The clear negative peaks shown in this spectrum at 281, 290, and 297 nm represent the CD bands of the aromatic residues present in the VHH-R2 molecule (line 1), in particular, the stacking interactions of the chromophor side chains of the tryptophane molecules. Subsequent incubation of the VHH-R2 sample at 70°C for 120 min does not affect the CD spectrum (data not shown), indicating that the structure of the fragment remains unchanged. However, incubating the VHH-R2 at 80°C for 10 min dramatically alters the CD spectrum of VHH-R2, resulting in the disappearance of the CD bands (line 2).
The hydrophobic stacking interactions between the chromophor side chains are disturbed, indicating an unfolded conformation of the fragment. Subsequent cooling of the VHH-R2 sample back to 20°C rendered the native spectrum (line 3). This indicates that heat induced unfolding of VHH-R2 is reversible, comparable to VHH-H14.
11 Figure  1 (B) shows the CD spectra of the VHH-R2-RR6 complex (line 1). The complex was formed by addition of the dye RR6 to a 1:1 molar ratio at 20°C. The CD spectrum of VHH-R2 with RR6 is different from the CD spectrum of VHH-R2 alone.
The strong CD bands are probably due to stacking interactions of the aromatic side chains, that is, Trp52A in CDR2 of VHH-R2 is stacked against the naphtyl moiety of the azo-dye RR6 as shown in the X-ray structure of the complex. 18 No signals have been observed in the CD spectrum of the hapten dye RR6 in PBS. Heating the VHH-R2-RR6 complex to 80°C did not change the CD spectra (line 2), even after incubation for 1 h at 80°C. Subsequent cooling down of the complex does not alter the spectrum (line 3). This indicates that the complex retains its native conformation at this temperature. The complex of VHH-R2 with its antigen RR6 is more stable than VHH-R2 alone at high temperatures.
To obtain more insight into the stability of the complex at high temperatures, the VHH-R2 was heated to 80°C and after equilibration for 5 min, the antigen RR6 was added to the unfolded VHH-R2. Figure 1(C) shows the CD spectrum of the unfolded VHH-R2 at 80°C (line 1). Subsequent addition of a 1:1 molar ratio of preheated RR6 to the antibody at 80°C resulted in the CD spectrum shown in Figure 1(C) (line 3) . Surprisingly, this spectrum shows all the characteristics of the spectrum of the antibody-antigen complex formed at 20°C (line 2). This indicates that at 80°C the VHH-R2-RR6 complex adopts the same conformation as the complex formed at 20°C.
Control experiments were performed regarding antigen specificity, antibody specificity and the effect of the copper in the dye on the CD spectra. To investigate whether the refolding was antigen specific, experiments were performed with VHH-R2 and the azo-dye RR1. The molecular structure of RR1 is different from RR6 and it does not contain copper like RR6 (Fig. 2) .
ELISA experiments at room temperature showed that VHH-R2 could bind RR1, although with a 4 ϫ 10 This indicates that VHH-R2 is able to form a complex with RR1. However, addition of RR1 to the unfolded VHH-R2 at 80°C does not lead to the native complex of R2:RR1 (data not shown).
To ensure that the refolding of the VHH-R2 was not due to an aspecific interaction with RR6, the RR6 azo-dye was added to a different llama VHH fragment, VHH-H14 raised against hCG. Figure 3(A) shows the CD spectrum of H14 alone at 20°C (line 1). Addition of RR6 did not alter the spectrum, indicating that the VHH-H14 does not interact with RR6 (line 2). Accordingly, at 80°C the VHH-H14 is completely unfolded (line 3) and addition of the RR6 at 80°C did not alter the spectrum as well (line 4). To exclude that the copper alone has an effect on the CD spectrum of VHH-R2, CD experiments were performed with VHH-R2 in the presence of CuCl 2 and CuSO 4 . Addition of CuCl 2 or CuSO 4 to VHH-R2 at 20°C did not change the spectra of VHH-R2. This indicates that the copper is not responsible for the large bands in the CD spectrum of VHH-R2 (data not shown).
A different llama antibody fragment, VHH-A52 raised against the azo dye RR1, was used to determine whether the refolding at high temperatures was specific for VHH-R2 and RR6 or if it is a more generic process. The same set of experiments as with VHH-R2 was performed. Figure 3(B) shows the spectra of VHH-A52 (line 1) and the complex of VHH-A52:RR1 at 20°C (line 3). Heating the VHH-A52 to 80°C showed that the majority of the VHH -A52 pool is in an unfolded conformation (line 2). Addition of RR1 to the unfolded VHH-A52 at 80°C led to complex formation and rendered a spectrum identical to the native complex spectrum at 20°C (line 4). This clearly indicates that VHH-A52 is capable of refolding upon addition of its antigen at 80°C just like VHH-R2 with its antigen RR6. Addition of RR6 at 20°C and 80°C to VHH-A52 also did not alter the spectra of VHH-A52 (data not shown). These observations indicate that refolding at 80°C upon addition of the antigen was not specific for VHH-R2, but could be generic for the llama antibody fragments.
Peptide Binding
To investigate whether an interaction between denatured VHH-R2 and RR6 is possible, a peptide was synthesized comprising the CDR3 binding loop of VHH-R2. Figure 4 shows the CD spectrum of the peptide (line 1). The spectrum of the peptide indicates that the CDR3 peptide is largely in an unordered random coil formation. Addition of antigen RR6 to the peptide renders a spectrum as shown in Figure 4 . This shows that there is an interaction between RR6 and the peptide. The spectra with dye shows a shift in the 190 -210 nm range, which indicates that the antigen RR6 induced a more structured conformation of the peptide. All spectra shown are corrected for the spectrum of the buffer or buffer with the corresponding concentration of RR6. Therefore, the shift of the curve cannot be an effect of pH. These results indicate that the antigen RR6 is able to interact with the unordered CDR3 peptide.
NMR
To obtain more details on the structure of VHH-R2 upon binding of the dye RR6, NMR experiments were performed. HSQC spectra provide information on the chemical shift of the amide resonances in the backbone of R2. A well-dispersed amide crosspeak pattern is representative for a native protein. N-VHH-R2: RR6 complex were shifted, and some of them were even undetectable. This indicates that these resonances probably correspond to the residues in close proximity to RR6 or to residues which undergo long-range conformational changes upon binding of RR6. The reason that some of the crosspeaks are undetectable is due to line-broadening induced by the interaction of the resonating nuclei with the unpaired electron of the paramagnetic copper center in RR6. The relaxation of the protons in close proximity to the paramagnetic center is fast and leads to moderately/ largely broadened signals beyond detection limit.
The chemical shift assignments for most of the perturbed residues have been obtained and are assigned in Figure 5 (A). The broadened crosspeaks in the spectrum are L20, T28, S29, G30, R45, W52a, S62, A94, and V111. In the X-ray structure W52a is in stacking contact with the naphtyl moiety of RR6, and is therefore undetectable in the HSQC experiment of the complex. 18 Unfortunately, the NMR resonance assignments of the coordinating ligand of the copper, H31a and H31c, are still missing. A few other residues in CDR1 close to the histidines coordinating the copper, that is, T28, S29, and G30 were also severely broadened in the complex. The rest of the undetectable residues with the exception of L20 were either part of or are close to the CDRs. The 15 N-VHH-R2:RR6 complex was heated from 27°C to 80°C [ Fig. 5(B) ]. The dispersion of the amide resonances remained roughly the same up to 80°C except for a small shift of the peaks not representative of large conformational changes.
However, the intensity of the crosspeaks dropped substantially at higher temperatures due to line broadening, which could be indicative of aggregation. In contrast, when free 15 N-VHH-R2 is heated to 80°C a large shift of the amide resonances to random coil chemical shift values has been observed [ Fig. 6(A) ]. This suggests that the majority of the population of the 15 N-VHH-R2 molecules is unfolded at 80°C. Addition of an equivalent molar amount of RR6 to denatured 15 N-VHH-R2 at 80°C rendered a dramatically altered spectrum [ Fig. 6(A) ]. Remarkably, this spectrum appeared to be identical to that from the 15 N-VHH-R2:RR6 complex prepared at 27°C and subsequently heated to 80°C [ Fig. 6(B) ]. This finding gives direct evidence for the refolding of nonnative 15 N-VHH-R2 at 80°C upon binding of its antigen RR6. The NMR experiments were performed at pH 4.6 to minimize the exchange of amide protons. Deviations because of differences in pH between the CD and NMR experiments were checked by repeating the CD experiments at pH 4.6; no differences were observed. The NMR data confirms the CD data and gives direct evidence for the hypothesis of "induced refolding."
Isothermal Titration Calorimetry
To understand the thermodynamics involved in the refolding process isothermal titration calorimetry (ITC) was performed. Small amounts of RR6 were titrated to VHH-R2 at 20°C and 80°C. Figure 7 (A) shows a typical binding isotherm of RR6 to VHH-R2 at 20°C.
The measured heat change for each injection is negative up to a molar ratio of 3, after which it remains constant up to 7 equivalents of RR6. The exothermic signals of Ϫ8 kcal/mol at molar ratios up to 3 represent the heat change of complex formation of RR6 to VHH-R2. The enthalpic signals at molar ratios between 3 and 7 represent the heat of dilution of the RR6 and are observed in a control titration, wherein RR6 was titrated to PBS buffer only. Figure 7 (B) shows the binding isotherm at 80°C. The measured heat change for each injection is negative up to a molar ratio of 1.5, after which it remains constant up to 7.0 equivalents of RR6. The exothermic signals of Ϫ39 kcal/ mol represent the complex formation of RR6 to VHH-R2 and the refolding of VHH-R2.
Values for the enthalpy change and the number of binding sites (N) correspond to the intercepts and midpoints, respectively, of the titration curves and can be obtained directly from the ITC data. Both curves were fitted with a model assuming two binding events, because two RR6 molecules were shown to bind to VHH-R2 18 (see Table I ).
The binding isotherms of the titration of RR6 to VHH-R2 at 20°C and 80°C shows that titration of RR6 is exothermic at both temperatures. The observed enthalpy change indicates that refolding takes place at 80°C and confirms the CD data. At 20°C, the thermodynamic parameters of the binding of the first and the second RR6 molecule are similar. At 80°C, the thermodynamic parameters of the binding of the first RR6 molecule are comparable to the parameters at 20°C, although the association constant is slightly lower.
However, the thermodynamic parameters of association of the second RR6 molecule are drastically different, suggesting that at 80°C the second RR6 molecule is not able to bind efficiently. The data obtained from the crystal structure of the complex show two binding sites for RR6; however, the RR6 monomer was the authentic hapten and our model is based on binding of a monomer RR6 by VHH-R2. The large enthalpic change of Ϫ35 kcal/mol at 80°C can be explained because not only binding and complex formation, like at 20°C, but also refolding occurs, as was shown in the CD experiments. The ITC data confirm the CD data, and show that the thermodynamic parameters of binding at 80°C is remarkably comparable to binding at 20°C.
CONCLUSION
We have shown by CD spectroscopy and NMR that unfolded VHH-R2 was able to form a native complex after addition of its antigen RR6 at high temperature, indicative of refolding of VHH-R2 at 80°C. The thermodynamic data obtained with ITC also show a favorable RR6 binding enthalpy at 80°C, indicative of refolding of VHH-R2 at 80°C. Although this is the most likely explanation, we cannot determine the extent to which the enthalpy change is due to protein folding or RR6 binding. Figure 8 shows a scheme of the possible steps in the binding process of a VHH to its antigen at 80°C. A possible pathway for complex formation at these high temperatures is that the small fraction of native VHH-R2 at 80°C is able to form a complex with the dye RR6. Consequently, the equilibrium will set, according to the law of mass action, leading to a new equilibrium with the majority of the VHH-R2 in complex with RR6. Another pathway for complex formation could be that the antigen first binds to unfolded VHH-R2, which subsequently induces the refolding process. Figure 4 in this article shows that an interaction between the unordered CDR3 peptide and the dye RR6 is possible. This can be explained in more detail after careful inspection of the X-ray structure. The X-ray data showed a dimer of RR6 bound to the VHH; however, only one RR6 molecule of the dimer is buried in a cavity at the surface of the VHH. 18 This first half of the dimer is buried for 60% in the VHH, embedded between the three CDRs. Binding of a RR6 molecule to CDR3 increases the probability that the RR6 molecule binds to a second CDR, resulting in formation of the cavity as is present in the native VHH-R2.
RR6 was shown to induce structural changes in the unstructured CDR3 peptide. These structural changes in unfolded VHH-R2 could increase the probability of reformation of the loops of the CDRs. This could be the folding nuclei that allows long-range interacting residues to come in more proximity of each other and refold to the correct native conformation, thereby trapping the unfolded VHH-R2 into a stable conformation, the VHH-R2:RR6 complex. The formation of a folding nuclei has been described before for folding of immunoglobulin-like proteins as the nucleation-condenzation mechanism. 19 -21 In this case, the antigen RR6 would act like a small chaperone molecule, which acts by increasing the probability of unfolded proteins to form a stable structure. [22] [23] [24] However, the difference is that small chaperone molecules often bind to regions that are buried in the native protein, but exposed in the unfolded protein, whereas RR6 binds to the CDRs that are also exposed in the folded VHHs.
It is most likely that both pathways exist next to each other. Irrespective of the condition, there will always be an equilibrium between folded and unfolded VHH-R2; thus folded VHH-R2 is present. This amount of folded VHH-R2 will form a complex upon addition of the antigen RR6. Next to this pathway, we have indications that another pathway is possible, via interaction of the unfolded VHH-R2 with the antigen RR6.
The main difference between these two pathways is whether RR6 binds to the unfolded VHH-R2 or to the native VHH-R2 at 80°C. In this perspective, it was interesting to see that VHH-R2 was able to bind azo-dye RR1 at 20°C, albeit with a lower affinity than azo-dye RR6. However, addition of RR1 to the unfolded VHH-R2 at 80°C did not induce measurable refolding of VHH-R2. The interaction of RR1 with VHH-R2 is probably not sufficient to induce refolding. Comparing the molecular structures of RR1 and RR6, there are some remarkable resemblances: the aromatic rings, the three sulphonate groups, and the sulfonyl-phenol group. Inspection of the contacts of VHH-R2 with RR6 shows that CDR1 is in contact with RR6 via the copper molecule; CDR2 is in contact with the three sulphonate groups of RR6 and CDR3 with the p-sulfonyl-phenol group of RR6 (Fig. 9) . RR1 does not contain a copper, the sulphonate groups of RR1 are differently orientated compared to RR6, and thus it is likely that the contact of RR1 to VHH-R2 is with the identical p-sulfonyl-phenol group of RR1 to CDR3 of VHH-R2. The reason why RR1 is not able to induce refolding by long range interactions could be that stabilization of the CDR loop(s) followed by refolding is not efficient with the antigen RR1 or that the time necessary for association is too short to form a stable complex due to the low affinity of VHH-R2 for RR1.
VHH-A52, a VHH selected against and binding specifically to the azo-dye RR1, did show refolding after addition of RR1 at 80°C. In this case, the interaction of RR1 with VHH-A52 is sufficient to induce refolding. RR1 is not only able to bind to VHH-A52, but is also capable of inducing long range interactions in VHH-A52 necessary to refold VHH-A52 to its correct native conformation. Spinelli reported the structure of VHH-A52 with RR1. 25 Where VHH-R2 forms a cavity with its three CDRs and binds RR6 in a central combining site, VHH-A52 binds RR1 on a lateral combining site with CDR2, CDR3, and a framework residue. Thus, although the mechanism for binding their antigen is different between VHH-A52 and VHH-R2, both VHHs are able to refold upon addition of their antigen at 80°C. We concluded that refolding at 80°C upon addition of the antigen is not specific for the VHH-R2, but is generic for the llama antibody fragments against organic haptens. However, high-affinity binding of VHH to its antigen is a necessity to enable long-range interactions to occur or ensures the association time necessary for stable complex formation and shift the equilibrium.
The binding of camelid single domain antibody fragments under extreme conditions increases the possibilities to use these simple binding molecules in a wide range of applications. They are not only suitable for applications where a relatively short rise in temperature is necessary like with sterilization, but they may also be used in application at higher temperature or under different denaturating conditions. Because of the single domain "induced refolding" is a unique characteristic of llama antibody fragments in general.
This article shows that the increased stability reported in many articles concerning single-domain antibodies derived from camelids might be contributed in large part by their reversible folding and capability of binding to their antigen under extreme conditions. This was shown by the fact that the unfolded VHH was still functional, that is, able to efficiently bind to their antigen to a great extend in a relatively short time span.
